Mung bean (Vigna radiata L.) is an important edible bean in the human diet worldwide. However, its growth, development, and yield may be restricted or limited by insufficient or unbalanced nitrogen (N), phosphorus (P), and potassium (K) fertilization. Despite this, there are few long-term studies of the effects of varying levels of N, P, and K combined fertilizers and the optimal fertilization for improving mung bean yield and quality. This study was conducted to optimize the fertilization strategies for high yield and to improve yield components (pods per plant, seeds per pod, and 100-seed weight) in the Bailv9 mung bean cultivar, 23 treatments were tested in 2013-2015, using a three-factor (N, P, and K fertilizers), five-level quadratic orthogonal rotation combination design. Our studies showed that, the N, P, and K fertilizers significantly influenced the pods per plant and yield, which increased and then decreased with the increasing N, P, and K fertilizers. The 100-seed weight was significantly affected by the N and P fertilization, and it was increased consistently with the increasing N fertilizer, and decreased significantly with the increasing P fertilizer. Whereas, the seeds per pod significantly decreased with the increasing N and K fertilizers, and the P fertilizer had no significant effect on it. The NP interaction had a significant effect on yield and pods per plant at high N levels, while the NK interaction had a significant but opposite effect on yield at low N levels. The optimal fertilization conditions to obtain yield >2,141.69 kg ha -1 were 34.38-42.62 kg ha -1 N, 17.55-21.70 kg ha -1 P 2 O 5 , and 53.23-67.29 kg ha -1 K 2 O. Moreover, the optimal N, P, and K fertilization interval to achieve pods per plant > 23.41 and the optimal N fertilization to achieve a 100-seed weight > 6.58 g intersected with the interval for yield, but the seeds per pod did not. The fertilizer ratio for the maximum yield was N:P 2 O 5 :K 2 O = 1:0.5:1.59. Following three years experimentation, the optimal fertilization measures were validated in 2016-2017, the results indicated that yield increased by 19.6% than that obtained using conventional fertilization. The results of this study provide a theoretical basis and technical guidance for highyield mung bean cultivation using the optimal fertilization measures.
Introduction
soil water content was >60% during the growing periods. During the trial period of 2013, the rainfall in August was significantly lower than it was in the perennial years. In July and August of 2014 and 2015, there was less rainfall than there was in the perennial years (S1 Fig) . Consequently, irrigation was performed once in August 2013 and then again in July and August of 2014 and 2015. The soil is a light chernozem with pH 7.5. The 15-mm soil layer contains 2.21% organic matter, a total N content of 0.19%, a total P content of 0.14%, a total K content of 1.93%, 120 ppm available N, 82 ppm available P, and 140 ppm available K.
Experimental materials and design
The Bailv9 mung bean variety has a high yield, good quality, and drought tolerance. It is widely planted locally and was bred by the Baicheng Academy of Agricultural Sciences (Baicheng, Jilin Province, China). N fertilizer (urea containing 46% N), P fertilizer (calcium superphosphate containing 12% P 2 O 5 ), and K fertilizer (potassium sulfate containing 50% K 2 O) were obtained from Sinochem Jilin Changshan Fertilizer Co., Ltd. (Song Yuan, Jilin Province, China).
Field experiments were conducted using N, P, and K fertilizers at five levels ( Table 1) . A three-factor, quadratic orthogonal rotation combination design was used for the application of the N, P, and K fertilizers in a total of 23 treatments ( Table 2 ). All treatments were arranged in a completely randomized block with three replications for a total of 69 trial plots. Each plot was 5 m long, 2.4 m wide, and had an area of 12 m 2 . Four rows were spaced~60 cm apart. The row spacing was 15 cm. Ten seedlings were sown per meter. The plants were thinned at the two-leaf stage to a uniform density of 160,000 plants ha −1 . The fertilizers were mixed and sprayed as a basal fertilizer to a depth of 15 cm when the seeds were sown ( Table 2) .
Measurement of mung bean yield and yield components
All plants within a 6m 2 area (two 5-m long rows) of each plot were hand-harvested at maturity.
The seeds were first dried to <13% moisture before yield determination. A 6m 2 sample area was used to measure the yield per hectare. The pods per plant, seeds per pod, and the 100-seed weight were measured on five plants per plot. The pods per plant was calculated from the average pods of five samples. The seeds per pod was calculated by randomly counting the seeds in ten mature pods using the average number of grains. For 100-seed weight, 100 seeds were weighed three times and the average weight was calculated. The error was not allowed to exceed 0.5 g.
Implementation and validation of optimized fertilization measures
The comparison of optimal and conventional fertilization was carried out in the main mung bean production areas of Baicheng in Jilin Province and Zhenlai and Taikang in Heilongjiang Fertilization, target yield, yield components 
Statistical analysis
Differences in the values for the three trial years were not significant (P>0.05); however, the relative effects of the various N (X 1 ), P (X 2 ), and K (X 3 ) treatments were significantly different (P<0.01) ( Table 2) . A regression analysis was therefore performed using the means for the three trial years. The regression equation was established for the corresponding tests of the effects of N, P, and K fertilizers on yield and yield components. Data Processing System (DPS) software (Hangzhou Ruifeng Information Technology Co., Ltd., Hangzhou, China) was used for mathematical and statistical analysis. Table 3 ). This finding suggests that unknown factors marginally affected the experimental results. The regression model, therefore, was relatively suitable for evaluating the effects of N, P, and K fertilizers on yield.
Results

Effects of N, P, and K fertilizers on yield
The absolute values of the regression coefficients indicated that the relative influences of the N, P, and K fertilizers on yield were as follows: K > N > P. The relative magnitudes of the interaction effects of the three nutrients were NP > NK > PK. N, P, and K fertilizers all had extremely significant (P<0.01) effects on yield, while the interactions between the N and P, N and K and P and K fertilizers had extremely significant (P<0.01) effect, significant effect (P<0.05) and no significant effect (P>0.05) on yield, respectively ( Table 3) .
As shown in Fig 1a, when the N, P, and K fertilizers were in the range of -1.68-0.5, the yield sharply increased with N, P, and K fertilizers and then slowly decreased at levels within the range of 0.5-1.68. The maximum value was 2,337.42 kg ha -1 at the 0. As shown in Fig 2a, the yield slowly increased at low values as N and P fertilizers increased when the N fertilizer levels were <0 (26.3 kg ha -1 N), and the yield differences were not significant. The interaction between N and P fertilizers, therefore, had no significant effect on the yield when the N fertilizer levels were <0; however, yield significantly increased at high values with increasing N and P fertilizers when the N fertilizer levels were >0, and yield differences were significant. Therefore, the interaction between N and P fertilizers had an extremely significant (P<0.01) effect on yield at N fertilizer levels >0. The maximum yield was 2,394.24 kg ha -1 at the 1.0 level of 41.9 kg ha -1 N and at the 1.0 level of 20.7 kg ha -1 P 2 O 5 ( Fig 2a) . As shown in Fig 2b , the N and K interaction effect indicated that yield significantly increased at high values as N and K fertilizers increased when the N fertilizer levels were <0 (26.3 kg ha -1 N). Yield differences were extremely significant. Therefore, the interaction between the N and K fertilizers had a significant (P<0.05) effect on yield when the N fertilizer levels were <0; yield, however, increased non-significantly at a high value with increasing N and K fertilizers when the N fertilizer levels were >0. Yield differences were not significant. Therefore, the interaction between N and K fertilizers had no significant (P>0.05) effect on yield at N fertilizer levels >0.
The maximum yield was 2369.93 kg ha -1 at the 0.5 level of 34.10 kg ha -1 N and 54.10 kg ha -1 K 2 O (Fig 2b) . The PK interaction, however, had no significant (P>0.05) effect on yield. (Fig 2c) .
Effects of N, P, and K fertilizers on pods per plant
The regression equation for the relationship between the N, P, K fertilizers and pods per plant was as follows: Y = 25.81 + 2.61X 1 + 0.99X 2 + 1.57X3−1.06X 1 2-0.91X 2 2-2.07X 3 2 + 1.46X 1 X2−-0.40X 1 X 3 + 0.15X 2 X 3 . The P valule for the regression, which was extremely significant, (P<0.01), so the regression model was a good fit for the experiment. The P value for the lack of fit and so was not significant (P>0.05). The external factors, therefore, had negligible influences on the experimental results ( Table 3 ). The regression model was suitable for evaluating the effects of N, P, and K fertilizers on pods per plant. According to the absolute value of the regression coefficient, the relative influence of N, P, and K fertilizers on pods per plant was as follows: N > K > P. The relative influence of the interaction effects of the three nutrients on pods per plant was NP > NK > PK. N, P, and K fertilizers all had extremely significant (P<0.01) effects on pods per plant. The interaction between N and P fertilizer had an extremely significant (P<0.01) effect on pods per plant, but the interactions between N and K and between P and K fertilizers had no significant (P>0.05) effects on pods per plant (Table 3) . As shown in Fig 2d, pods per plant slowly increased at low value as N and P fertilizer increased when the N fertilizer levels were <0 (26.3 kg ha -1 N) and the differences in the pods per plant were not significant. Therefore, the interaction between the N and P fertilizer had no significant (P>0.05) effect on pods per plant at N fertilizer levels <0; however, when N ) and pods per plant. a. Effects of N and P fertilizer interaction on yield (X 3 = 0). The radiation angle indicates N fertilizer levels and the series indicates the P fertilizer levels. b. Effects of N and K fertilizer interaction on yield (X 2 = 0). The radiation angle indicates the N fertilizer levels and the series indicates the K fertilizer levels. c. Effects of P and K fertilizer interaction on yield (X 1 = 0). The radiation angle indicates the P fertilizer levels and the series indicates the K fertilizer levels. d. Effects of N and P fertilizer interaction on pods per plant. The radiation angle indicates the N fertilizer levels and the series indicates the P fertilizer levels (X 3 = 0). e. Effects of N and K fertilizer interaction on pods per plant. The radiation angle indicates the N fertilizer levels and the series indicates the K fertilizer levels (X 2 = 0). f. Effects of P and K fertilizer interaction on pods per plant (X 1 = 0). The radiation angle indicates the P fertilizer levels and the series indicates K fertilizer levels. fertilizer levels were >0, pods per plant significantly increased at high values with increasing N and P fertilizer and the differences in the pods per plant was significant. The aforementioned results, therefore, suggested that the interaction between the N and P fertilizers had extremely significant (P<0.01) effect on pods per plant at N fertilizer levels >0. The maximum pods per plant was 30.45 at the 1.68 levels of 52.5 kg ha -1 N and 26 kg ha -1 P 2 O 5 (Fig 2d) . The interaction between the N and K and P and K fertilizers, however, had no significant (P>0.05) effect on pods per plant (Fig 2e and 2f) .
Effects of N, P, and K fertilizers on seeds per pod
The regression equation for the correlation between the N, P, K fertilizers and the seeds per pod was as follows: Y = 13.33-0.27X1−0.15X2−0.44X 3 + 0.11X 1 2-0.19X 2 2-0.15X 3 2 + 0.02X 1 X 2 + 0.36X 1 X3−0.20X 2 X 3 . The P value for the regression, which was extremely significant (P<0.01); therefore, the regression model was a good fit for the experimental results. The P value for the lack of fit, which was not significant (P>0.05); therefore, unknown factors slightly influenced the regression model ( Table 3 ). The regression model could be used to evaluate the effects of N, P, and K fertilizers on seeds per pod. According to the absolute value of the regression coefficient, the relative effects of the N, P, and K fertilizers on seeds per pod were in the order K > N > P. The relative interaction effects among the three fertilizers were in the order NK > PK > NP. N and K fertilizers had extremely significant (P<0.01) effects on seeds per pod, but the P fertilizer had no significant (P>0.05) effect. The interaction between N and K fertilizer significantly (P<0.05) affected the seeds per pod. The interactions between N and P and between P and K fertilizers had no significant (P>0.05) effects on the seeds per pod ( Table 3) .
As shown in Fig 1c, the seeds per pod sharply decreased with increasing N and K fertilizer levels; however, as the levels of P fertilizer increased, the seeds per pod sharply increased then gradually decreased. The maximum seeds per pod were 13.79 at the -1.68 level of 0 kg ha -1 N, 13.29 at the 0 level of 13 kg ha -1 P 2 O 5 , and 14.07 at the -1.68 level of 0 kg ha -1 K 2 O 5 .
As shown in Fig 3b, the seeds per pod significantly differed with increasing N and K fertilizer levels when the N fertilizer levels were <0.5 but did not significantly differ at N levels >0.5. Therefore, the interaction between N and K fertilizers significantly (P<0.05) affected the seeds per pod at N fertilizer levels <0.5. The maximum value was 15.54 at the -1.68 level of both 0 kg ha -1 N and K 2 O; The interactions between the N and P and P and K fertilizers had no significant effects on the seeds per pod (Fig 3a and 3c) .
Effects of N, P, and K fertilizers on 100-seed weight
The regression equation for the correlation between N, P, K fertilizers and 100-seed weight was as follows: Y = 6.51 + 0.36X1−0.11X2−0.01X 3 + 0.06X 1 2 + 0.02X 2 2 + 0.04X 3 2-0.09X 1 X 2 + 0.02X 1 X 3 + 0.003X 2 X 3 . The P value for the regression, which was extremely significant (P<0.01); therefore, the regression model fit the experimental results. The P value for the lack of fit, which was not significant (P>0.05); therefore, unknown factors had a slight effect on 100-seed weight. The regression model was a good fit for evaluating the effects of N, P, and K fertilizers on 100-seed weight (Table 3) . According to the absolute value of the regression coefficient, the relative magnitudes of the effects of N, P, and K fertilizers on the 100-seed weight were N > P > K. The relative magnitudes of the effects of the interactions among the three fertilizers were in the order NP > NK > PK. N and P fertilizers had extremely significant (P<0.01) effects on 100-seed weight but the K fertilizer had no significant (P>0.05) effect on it. The interaction between N and P fertilizer had an extremely significant (P<0.01) effect on 100-seed weight whereas the interactions between N and K and P and K fertilizers did not (P>0.05) ( Table 3) .
As shown in Fig 1d, the 100-seed weight slightly and then rapidly increased with increasing N fertilizer and the maximum 100-seed weight was 7.29 g at the 1.68 level of 52.5 kg ha -1 N. As P increased, the 100-seed weight slightly decreased but did not significantly change with . The radiation angle indicates the N fertilizer levels and the series indicates the K fertilizer levels. c. Effects of P and K fertilizer interaction on the seeds per pod (X 1 = 0). The radiation angle indicates the P fertilizer levels and the series indicates the K fertilizer levels. d. Effects of N and P fertilizer interaction on 100-seed weight. The radiation angle indicates the N fertilizer levels and the series indicates the P fertilizer levels (X 3 = 0). e. Effects of N and K fertilizer interaction on 100-seed weight. The radiation angle indicates the N fertilizer levels and the series indicates the K fertilizer levels (X 2 = 0). f. Effects of P and K fertilizer interaction on 100-seed weight (X 1 = 0). The radiation angle indicates the P fertilizer levels and the series indicates the K fertilizer levels.
https://doi.org/10.1371/journal.pone.0206285.g003
Fertilization, target yield, yield components increasing K. The interaction between N and P significantly affected the 100-seed weight at N >0, and the maximum value was 7.70 g at the 1.68 level of 52.5 kg ha -1 N and the -1.68 level of 0 kg ha -1 P 2 O 5 (Fig 3d) . The interactions between N and K and P and K, however, had no significant effects on the 100-seed weight (Fig 3e and 3f) .
Optimal fertilization measures for high yield and suitable yield components
Optimal fertilization measures for high yield. As shown in Table 4 , the frequency analysis for the optimal fertilization measures showed that 30 combinations of N, P, and K fertilizers resulted in yields >2,141.69 kg ha -1 . The 95% confidence interval of N, P 2 O 5 , and K 2 O were distributed in 0.518-1.046, 0.591-1.130, and 0.465-1.032 respectively. These data were inserted into the factor-coding formula. The optimal fertilization measures for high yield (>2,141.69 kg ha Optimal fertilization measures for pods per plant. As shown in Table 4 , the frequency analysis for the optimal fertilization measures showed that 33 combinations of N, P, and K fer- Optimal fertilization measures for seeds per pod. As shown in Table 4 , the frequency analysis of the optimal fertilization measures showed that 40 combinations of N, P, and K fertilizers resulted in seeds per pod >13. 20 (Table 4 ). According to the regression analysis, the maximum seeds per pod was 15.5 which corresponded to frequencies of 0.3750 (N), 0.2500 (P), and 0.4000 (K), respectively. The corresponding amounts of fertilizers were at the -1.68 level of 0 kg ha -1 N, the 0 level of 13 kg ha -1 P 2 O 5 , and the -1.68 level of 0 kg ha
Optimal fertilization measures for 100-seed weight. As shown in Table 4 , the frequency analysis of the optimal fertilization measures showed that 62 of the N, P, and K fertilizers combinations resulted in a 100-seed weight >6.58 g. The 95% confidence interval of the N, P 2 O 5 , and K 2 O were distributed in 0.929-1.234, -0.521-0.088, and -0.312-0.312 respectively. The optimal fertilization measures for high 100-seed weight (> 6.58 g) were 40.79-45.55 kg ha -1 N, (Table 4 ). According to the regression analysis, the maximum 100-seed weight was 7.84 g, which corresponded to frequencies of 0.4032 (N), 0.2419 (P), and 0.2097 (K), respectively. The corresponding amounts of fertilizers were at the 1.68 level of 52.5 kg ha -1 N and the -1.68 levels of both 0 kg ha -1 P 2 O 5 and K 2 O.
Implementation and validation of the optimized fertilization.
The results showed that the average yield of each site at which the optimized fertilization program was implemented reached 1,995.8 kg ha -1 and 1,895.8 kg ha -1 in 2016 and 2017 respectively, and was 18.6% and (Table 5) .
Discussion
The main objective of the mung bean research was to optimize yield and quality [21, 22, 23] . Greater pods per plant, seeds per pod, and higher stable grain weight are all indices of high grain quality [24] . The pods per plant, seeds per pod, and 100-seed weight are essential yield components [25] . Therefore, we investigated yield and yield components in this study. Previous reports, however, have showed that yield, pods per plant, seeds per pod, and 100-seed weight of mung bean are significantly affected by the application of N, P, and K fertilizers [26] . These results were demonstrated in our studies, and we found the different effects of N, P, and K fertilizers and their interactions. Previous studies suggested that N fertilization was the most important factor in mung bean production [27] . In the present study, the N fertilizer significantly influenced the yield, pods per plant, seeds per pod, and 100-seed weight. Previous reports showed that, increasing the amount of N fertilizer at early growth stages promotes vegetative growth and creates conditions conducive to high yield. As the plants grew, however, rhizobia gradually improves their ability to fix atmospheric N [12] and yield decreases with increasing N application rate [28] . Our results corroborated the findings of these studies, as they demonstrated that the yield rapidly increased and then gradually decreased with increasing N fertilization (Fig 1a) . The 100-seed weight was significantly influenced by N fertilization in common bean (Phaseolus vulgaris) [29] . In this experiment, it was found that, the 100-seed weight consistently increased with increasing N fertilizer. Therefore, N fertilizer significantly influenced grain weight, size, and fullness as well as yield. Previous studies have showed that N fertilization does not significantly affect the seeds per pod but dose significantly influenced the pods per plant [29] . In our study, N fertilization significantly enhanced the pods per plant, which rapidly increased and then gradually decreased with increasing N fertilizer rate; however, seeds per pod decreased with increasing N fertilizer rate. Therefore, the appropriate N fertilizer application rate should be determined for yield, pods per plant, and 100-seed weight. Fertilization, target yield, yield components According to our results, P fertilizer had significant effects on yield, pods per plant, and 100-seed weight. P deficiency suppresses growth and lowers yield, whereas, excessive amounts of P delays maturation and seed set [30] . This finding was also demonstrated in our study, the yield and pods per plant increased and then gradually decreased with increasing P fertilizer. In contrast, the 100-seed weight slightly decreased with increasing P fertilizer; however, the P fertilizer effect on seeds per pod was non-significant. Therefore, the appropriate P fertilizer application rate should be determined for yield, pods per plant.
K fertilizer significantly influenced yield, pods per plant, and seeds per pod in dry bean (P. vulgaris) [31] . In our study, the yield and pods per plant rapidly increased and then gradually decreased with increasing K fertilizer. The seeds per pod decreased with increasing K fertilizer; however, the 100-seed weight did not significantly change with K fertilizer rate. Therefore, the appropriate K fertilizer application rate should be determined for yield and pods per plant.
In this study, the effects of the NK interaction on yield was opposite to those of the NP interaction effect (Fig 2a and 2b) . The effects of the NK interaction, however, were significant at low N fertilizer levels; those of the NP interaction were significant at high N fertilizer levels. Moreover, the NP interaction had the same presentation of effect on the pods per plant and the yield. These findings suggested that, the NP and NK interactions were effective at the goal of achieving high yield, and the NP interaction was effective at achieving a high pods per plant. The effects of interactions of N, P, and K fertilizers on the 100-seed weight and the seeds per pod should investigate progressively in the future.
The results reported herein suggested that the optimal fertilization for high yield should be identified at the appropriate intervals, but was not only determined by integrating the fertilization optima for each yield component. Our results showed that the optimal fertilization measures for yield > 2,141.69 kg ha intersected with those interval for yield, and the optimal N fertilization to achieve a 100-seed weight > 6.58 g intersected with the interval for yield; however, the optimal N, P, and K fertilization for seeds per pod did not. The appropriate N, P, and K application rates, therefore, should be determined from the optimal fertilization measures for yield and pods per plant., moreover, it should be considered the applications of N fertilizer on 100-seed weight. Optimal fertilization measures, however, varied with variety, planting density, and soil conditions [26, 28, 32, 33] . Therefore, in mung bean production, all of the aforementioned parameters must be fully considered [34] . However, the most challenging aspect of N, P, and K application is optimizing its use efficacy. Most of the N-and P-based fertilizers commercially available in the agrochemical market have an use efficiency < 30% because of rapid volatilization into greenhouse gases or fixation with other elements. According to production practices and the results of our study, mung bean fertilizer application should reduce N, increase K, and stabilize P. By lowering the application of N fertilizer, rhizobia will be free to fix atmospheric N. K fertilizer doses should be regulated to optimize crop growth and development. P fertilizer application should be stabilized to improve its utilization by plants. With precise, optimized fertilization, the utilization of these nutrients by crop could be increased, which in turn improves crop fertilization efficacy, environmental protection, crop quality, and crop yield. Future studies should focus on the effects of N, P, and K fertilization on rhizobia, the regulation of N, P and K, and the optimization of fertilizer utilization and application rates.
Conclusions
All three N, P, and K fertilizers significantly influenced the pods per plant and yield, which sharply increased and then gradually decreased with the increasing N, P, and K fertilizers.
However, the 100-seed weight significantly increased with the increasing N fertilizer, and significantly decreased with increase in the P fertilizer, but the K fertilizer effect on 100-seed weight was non-significant. Moreover, the seeds per pod significantly decreased with the increasing N and K fertilizers, and had no significant change with the P fertilizer. The interaction effects of the three nutrients on yield and pods per plant were NP > NK > PK. The NP interaction had a significant effect on yield and pods per plant at high N levels, while the NK interaction had a significant effect on yield at low N levels. The optimal fertilization measures for a yields >2, 141 The optimal N, P, and K fertilization interval to achieve a pods per plant > 23.41 intersected with the interval for yield, and the optimal fertilization interval for N fertilizer to achieve a 100-seed weight > 6.58 g intersected with the interval for yield, but the seeds per pod did not. This may be due to the seeds per pod could maintain a stable value within the certain levels of N, P, and K fertilizers, while it maybe affected more by the genotypes at such situations; these problems should be further investigate in the future. The maximum yield was 2,394.60 kg ha -1 at 41.9 kg ha -1 N, 20.7 kg ha -1 P 2 O 5 , and 66.50 kg ha -1 K 2 O.
The best fertilizer ratio was N:P 2 O 5 :K 2 O = 1:0.5:1.59. Yield did increased by using the optimal fertilization measures compared to that obtained using conventional fertilization during the validation test. To sum up, the reasonable optimization of N, P, and K fertilization could achieve high mung bean yield, improve yield components, and obtain products of full and large size grain. In the production practice, we should determine the optimal fertilization scheme according to the soil fertility condition, and refer to the optimal N, P, and K fertilizer rate in this study, with the principles of reducing N, stabilizing P and increasing K. 
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